Cancer Risks Associated with a Lifetime of CT Scans. Radiat. Res. 181, 584-591 (2014).
INTRODUCTION
Because of its wide-ranging utility, the use of computed tomography (CT) scanning is rapidly increasing (1, 2) , with patients typically scanned multiple times both during a single series and over their lifetime (3, 4) . The cumulative organ doses of ionizing radiation delivered to patients are comparable in magnitude to organ doses experienced by a substantial subset of Japanese atomic bomb survivors, which were sufficient to result in a small, statistically significant excess risk of radiation-induced cancers (5) . This suggests that the radiation exposure from CT scans might be associated with small increases in cancer risks (6) , and thus impact overall population risks. Of particular note are the estimated 20-30 million CT scans per year in the U.S. that may have limited clinical utility (7) .
Using risk predictions derived mainly from atomic bomb survivors' data (6) , several epidemiological studies of individuals who had undergone pediatric CT scans were initiated (8) , and the first two studies were recently published by Pearce et al. (9) and by Mathews et al. (10) . The overall conclusion for these two large-scale studies of pediatric CT, which directly estimated CT-associated cancer risks in two Western populations, was that CT-induced excess cancer risks were small, but statistically detectable.
A logical next research goal is to quantify the cancer risks associated with lifetime histories of CT scans, including scans performed in adulthood. A primary motivation for this study is that adults receive over 10 times more CT scans than children (4, 11) , so it is important to understand the risks associated with adult scans (12, 13) .
The goal of this article is to provide a broad outline of the sample size that would be required to perform an epidemiological study of cancer risks related to CT exposures in adulthood. As an example, we consider a hypothetical retrospective population-based cohort study in the UK, which would track CT-exposed individuals and cancer diagnoses between 1980 (when widespread CT usage began) and 2015. We project the excess cancer risks (combined for ten common radiogenic malignancies) potentially induced by chest and abdominal CT scans, and apply three radiation carcinogenesis models described below, to estimate the study sample size which would be needed to detect total cancer risks associated with a lifetime of CT scans with 80% statistical power.
The precise characteristics of the study design would, of course, depend on the location of the study, the available information, records-keeping system, mechanisms for follow-up and outcome ascertainment and other factors. Information on previous medical conditions, reasons for any specific CT, characteristics of individual CTs, timing, machine settings, etc., would be functions of any specific cohort. Describing these attributes, while vital for establishing a cohort, is largely beyond the scope of this article. Here we intend only to offer guidelines regarding the sample size that would be necessary to detect CT-related cancer risks, assuming that the magnitude of these risks per unit of radiation dose is similar to the magnitude found by previous radiation epidemiological studies such as those performed with the atomic bomb survivors.
For studies designed to quantify total cancer risks induced by CT scans, two factors offer potential challenges to using subjects exposed as adults: (1) the somewhat reduced sensitivity of adults (compared with children) to radiationinduced cancer per unit of radiation dose (5, 14, 15) , and (2) the difficulties of extracting the signal of CT scan radiation from a complex mixture of potentially carcinogenic exposures that accumulate over the subject's lifetime, although the latter is problematic only insofar as the potential confounding exposure is CT related. However, these disadvantages are balanced by important advantages of adult-based cohorts. First, adults are likely to accumulate larger numbers of CT scans (and therefore CT doses), because CT scanning tends to be used more frequently in adults than in children (4, 16) , and since dose for an adult includes the doses from pediatric CT exposures. For example, in the U.S. only 3.5% of abdominal and pelvic CT scans (which provide the greatest contribution to collective population dose among all CT scan types) were performed on patients younger than 18 years of age (16) . Second, as shown in Fig. 1 , current models of radiation carcinogenesis predict that most radiation-induced solid cancers appear during the same ''cancer-prone'' age range (roughly ages 50-80) as background cancers (5, 14) . Consequently, the expected excess CT-induced cancers are maximized when these ''cancer-prone'' ages are included in the follow-up period of the cohort study. As we show, the ''cancer-prone'' ages are included in the study with a follow-up period of 1980-2015 for those individuals who have reached adulthood (ages 20 and older) by 1980. In contrast, a large percentage of members of cohorts whose members were children in 1980 would not yet have reached the ''cancer-prone'' age range within the study follow-up period.
METHODS
The goal of the proposed retrospective population-based cohort study is to estimate the overall cancer risk in adults associated with a typical lifetime of CT scans. We simulated the study using data from countries with centralized health care systems and analyzed the results, as described below.
Quantitative Simulation of a Population-Based Cohort Study
Our calculations were based on life histories of individuals from a hypothetical cohort of UK adults, who were alive, free of cancer and unexposed to CT in 1980. Each simulated individual was tracked until the minimum of 2015, year of death or cancer diagnosis (for any of ten common cancer types: breast, lung, esophageal, stomach, liver, colon, kidney, bladder, ovarian, leukemia).
We used data from published sources. The UK Office for National Statistics website (http://www.statistics.gov.uk/hub/index.html) provided information on age-dependent population structure, age-and sex-dependent mortality rates and calendar year trends in the frequency of CT scanning in the UK over the proposed study period, starting in 1980 and projected until 2015. The Cancer Research UK website (http://www.cancerresearchuk.org/) provided age-and sexspecific background incidence rates for the ten selected cancers. These ''background'' population-based rates include the potential effects of CT exposures. Because this bias increases the ''true'' background cancer incidence rate, making the CT-induced increase more difficult to detect, it will tend to inflate our sample size estimates somewhat, making them more conservative. However, since the magnitude of the expected CT-induced cancer incidence is small (,1% over a person's lifetime), this use of ''incorrect rates'' will have only a small impact on sample size calculations. The age-dependent distribution of CT scanning frequency, and the fraction of diagnostic and therapeutic CT scans performed in cancer patients (who were excluded from the cohort study) were taken from ref. (4) . Typical organ doses for adult chest and abdominal CT scans were taken from ref. (17) .
We are interested in the effects of a lifetime of CT scans as well as the impact of the age at CT administration. Since cancer sensitivity by age at exposure is not currently well determined (15), we calculated CT-induced cancer risks for the ten cancer types using three different age-and time-dependent models of radiation carcinogenesis: (1) the BEIR-VII model (5); (2) the Preston et al. model (14, 18) ; and (3) the Shuryak et al. model (15) . These three published models are based predominantly on Japanese atomic bomb survivors' data, but differ mainly in their treatment of the effects of age at exposure on excess relative risks per Gray (ERR/Gy) (Fig. 2) . Model 1 predicts a monotonic decrease in the ERR/Gy with age at exposure until the age at exposure of 30, and a constant ERR/Gy at older ages at exposure. Model 2 predicts a monotonic decrease in ERR/Gy over the entire FIG. 1. Predicted CT-induced cancer incidence rates peak during the same ''cancer-prone'' age range as background cancer (roughly 50-80), even if CT exposure occurred much earlier. Here the sexaveraged background cancer incidence rate for the UK population (http://www.cancerresearchuk.org/) is compared with the incidence rates of excess cancers induced by a single chest CT scan administered at ages 10 or 40 [predicted by the BEIR-VII model (5)]. Both CTinduced and background cancer incidence rates were corrected for age-dependent mortality (http://www.statistics.gov.uk/hub/index. html). Qualitatively similar curves were produced if other radiation carcinogenesis models were used instead of the BEIR VII model.
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range of ages at exposure, from birth to old age. Model 3 predicts a Ushaped dependence of ERR/Gy on age at exposure, with a minimum in adolescence/early adulthood. Models 1 and 2 represent phenomenological fits to the atomic bomb survivors' cancer incidence data, while model 3 represents a more biologically motivated model, but also fitted to essentially the same data. Model equations are shown in the Appendix. Using each model, CT-induced risks were calculated for each simulated individual, based on the individual's age, sex, date(s) of chest and/or abdominal CT exposures and the typical organ doses from these exposures.
Sample Size Calculations
We performed two in silico simulations for each set of population characteristics (Fig. 3) , as described below. The first simulation assumed radiation from CT exposures had no effect on cancer incidence. The sum of all cancer cases in CT-exposed persons divided by the sum of person-years contributed by these same individuals after CT exposure produced an estimate of the ''expected'' incidence rate (r 2 ) and represents the null hypothesis, i.e., that all cancer cases in CTexposed persons were due to background processes and unrelated to CT exposure.
We then simulated a population with the same initial characteristics, but now allowing for CT exposure effects based on organ doses from CT scans from ref. (17) . The ''observed'' cancer incidence rate (r 1 ) in CT-exposed persons from the simulated population, estimated from these data, represents the alternative hypothesis, i.e., that some cancer cases would be induced by CT exposures. We estimated the sample size needed to detect differences between the ''observed'' and ''expected'' cancer incidence rates, as described in the Appendix.
RESULTS
Sample size estimates generated by our calculations vary markedly depending on CT-usage assumptions and on the choice of risk model (Table 1) . Nonetheless, the general pattern shows that cancer risks induced by chest and abdominal CT scans are (in principle) detectable by a cohort study enrolling approximately 0.4-1.3 million CT-exposed UK adults who were between the ages of 25 and 65 in 1980. The effects of study duration and age at start of follow-up in 1980 on sample size are shown in Fig. 4 . A young cohort, e.g., children aged 5 in 1980, would eventually accumulate the largest number of CT-induced cancers per cohort member (and hence require the smallest study sample size) because children are more sensitive to radiation carcinogenesis than adults (5, 14) . However, this potential would be realized only with very long study duration, through 2020 and beyond, because at earlier termination dates cohort members would not reach the ''cancer-prone'' age range when most CT-induced (and background) cancers appear (see Fig. 1 ).
In contrast, in a cohort of older participants, e.g., members aged 50 in 1980, the ''cancer-prone'' age range would be reached much earlier. Consequently, the cohort would require the smallest sample size for a study with short duration. Lengthening the study duration would provide only limited additional advantage since a large proportion of the cohort would be deceased by 2010. An intermediate cohort, e.g., members aged 30 in 1980, would require the smallest sample size for a study with an end of follow-up of 2015, because most cohort members would remain alive throughout the follow-up period (1980-2015), while still within the ''cancer-prone'' age range. Older individuals, e.g., those aged .40 in 1980, would provide the greatest contribution to study power per person-year of follow-up. This pattern is again due to the peak of cancer incidence rates in the ''cancerprone'' age range. However, many individuals who were aged .40 in 1980 would not survive until 2015, so the average number of person-years contributed by each cohort member would be smaller than for younger individuals.
These calculations suggest that the smallest sample size for a study designed to assess total CT-induced cancer risks with follow-up between 1980 and 2015 would be for a cohort of adults aged roughly 25-65 in 1980 (Table 1, Fig.  6 ).
DISCUSSION
Our results show the statistical feasibility of studying the effects of CT scanning on lifetime cancer risks by tracking   FIG. 3 . A schematic diagram of the process used here to estimate the sample size of a population-based cohort study designed to detect CT-induced cancer risks. Details are described in this article. a The sample sizes represent the numbers of CT-exposed individuals needed to satisfy the statistical criteria of 95% significance and 80% power, while assessing combined risks from ten cancer types accumulated within the cohort from 1980 to 2015 in the UK. Results are shown for the three different radiation carcinogenesis models shown in Fig. 2 
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CT exposures and cancer incidence rates in a populationbased cohort composed largely of adults. For example, if such a study is conducted in the UK using CT exposure and cancer incidence from 1980 until 2015, our calculations suggest that the study would have 80% power to detect an expected CT-induced cancer risk for individuals who were between the ages of 25 and 65 in 1980 (Table 1, Figs. 4-6) . The sample size estimates for such adult-based studies depend on the carcinogenesis model (Table 1 ), but overall they are similar in magnitude to the recent pediatric studies by Pearce et al. (9) and Mathews et al. (10) in the UK and Australia, which used data on approximately 180,000 and 680,000 CT-exposed children, respectively. The required sample sizes are many-fold smaller than the total number of potentially eligible individuals (i.e., those in the selected age range and health status) in the UK, leaving a large margin for sample size inflation caused by loss to follow-up and record incompleteness. This suggests the practicality of conducting a retrospective adult-based cohort study of CTinduced cancer risks in circumstances where accessible health registries exist. Given the dramatic recent increase in radiation exposure associated with CT (16) , and given that most CT imaging occurs in adults (11, 16) , such a study would have the potential to increase out understanding of the public health significance of this increased usage, in the context of the major clinical gains offered by CT (2) In the U.S., where CT usage per person-year tends to be higher than in many other developed countries (3, 16) , the   FIG. 4 . Effects of cohort age and study duration on total numbers of CT-exposed cohort members needed to satisfy the statistical criteria of 95% significance and 80% power for detecting CT-induced cancer risks. The curves were produced from calculations using the Preston et al. model (14, 18) to estimate CT-induced risks from ten cancer types accumulated within a UK cohort beginning in 1980. Qualitatively similar curves were produced if other radiation carcinogenesis models were used.
FIG. 5.
The relative contributions of CT-exposed cohort members of different ages to the power of a hypothetical study designed to measure CT-induced cancer risks. This calculation was based on estimation of combined risks from ten cancer types, which would accumulate (over 10 million person-years of follow-up between 1980 and 2015) within simulated UK cohorts composed of individuals of a specific age in 1980. CT-induced cancer risks were calculated using the Preston et al. model (14, 18) , and these risk estimates were used to calculate study power. Qualitatively similar curves were produced if other radiation carcinogenesis models were used. required sample size for a cohort study of excess cancer risks in CT-exposed adults would be lower than our estimates for the UK. However, the ability to gather required information on CT exposures, cancer diagnoses and deaths from individual patient records may be limited in the U.S.
These calculations are not intended to provide a definitive estimate of CT-induced cancer risks in general. Rather, our results provide an estimate for the magnitude of the sample size which would be needed for an epidemiological study of total cancer risks associated with the radiation exposure from a lifetime of CT scans. Because the comprehensive discussion of the multiple challenges that need to be overcome during the actual design of a cohort study of CTrelated cancer risks is beyond the scope of this article, we will focus on a few issues that have particular relevance to the conduct of such a study.
A potentially important problem faced by any cohort study of cancer risks associated with diagnostic radiation is that of reverse causation (19, 20) . An example would be a patient that has an undiagnosed cancer or precancerous condition that causes symptoms warranting a CT examination, then the assignment of the relevant dose that may be causally linked to the cancer becomes problematic. A related issue, which can potentially distort CT-associated cancer risks, is when the patient has a medical condition that increases both the probability of having a CT scan and of developing cancer. Such scenarios are potentially relevant in CT scans and brain tumors (19) , one possible example might be epilepsy resulting in an increased risk of accidents (21) , which in turn is linked with increased numbers of CT scans, while epilepsy itself has been linked with brain tumors (22) .
A rigorous method for minimizing the potential impact of reverse causation and related issues on CT-associated cancer risks would be to access patient-specific information on the reasons for particular CT scans (23) . However, even in the absence of such information, a number of steps can be taken to minimize their potential influence, in particular:
1. Exclude from the analysis those CT scans that have been performed in association with cancer (e.g., for diagnostics, treatment planning, treatment control), as we have done in our simulation (see Methods section). This was done in our in silico analysis and can generally be achieved in practice based on information in the analyzed database. 2. Remove from the analysis those cancer sites that are considered potentially prone to such effects (such as the head, which was excluded from our in silico analysis). 3. Perform different time lag analyses of, e.g., 1, 5 and 10 years between CT exposure and cancer diagnosis. Considering typical rates of progression for the 10 cancer types we selected, many of which are quite aggressive, a lag of 5 or 10 years will minimize potential effect of reverse causation. (24) demonstrated that CT screening increased the number of thyroid cancer cases that were identified, but it had no effect on the dose response. An even clearer picture would be produced by disentangling the correlation between CT scan number and cumulative radiation dose, e.g., by comparing cancer risks in individuals exposed to different numbers of CT scans, but with accumulation of the same total radiation dose. Such an approach should minimize the effect of potential confounding factors, which may be associated with having multiple CT scans.
In conclusion, the study sample sizes produced by our calculations should be regarded only as reasonable approximations. Nevertheless, these numbers provide quantitative support for conducting future epidemiological studies of excess cancer risks in CT-exposed adults. Such studies can potentially provide direct evidence of the public health burden of excess cancer risks in populations exposed to diagnostic CT scanning, and help facilitate benefit-risk analyses for many CT modalities.
APPENDIX
Following the BEIR-VII methodology (5), cumulative radiationinduced excess risks for each of the ten selected cancers were calculated in terms of both absolute and relative risk functions: EAR(S, T x , A) and ERR(S, T x , A), respectively. Here S denotes sex, T x is age at exposure and A is age. The functions EAR(S, T x , A) and ERR(S, T x , A) are derived mainly from data on Japanese atomic bomb survivors, and are the functions that differ between the three radiation carcinogenesis models (5, 14, 15) described in the text (see Fig. 2 ). They were evaluated using the average organ dose D(T x ) from chest and abdominal CT scans for adults or children (17) , divided by a dose/dose-rate effectiveness factor of 1.5 (5), and using sex-and cancer-specific adjustable parameters. The mathematical expressions for these functions are provided in Table A1 .
CT-induced risks in a Western population, R w (S), were calculated according to BEIR-VII methodology, where p is a cancer-specific risk transfer parameter (5):
R w ðSÞ ¼ exp½ð1 À pÞln½EARðS; T x ; AÞ þ p ln½ERRðS; T x ; AÞ ð1Þ
All of this information was used by the Monte Carlo simulation code to generate a cohort of individuals unexposed to CT and cancer-free within a certain age range (e.g., at the start of the study in 1980, and track each individual year-by-year, applying age-, sex-and calendar-yearspecific probabilities of chest and abdominal CT exposure, cancer diagnosis and death. The simulation results were used to generate an age-dependent distribution of cancer cases and CT-exposed person-years. This was performed first under the null hypothesis of radiation having no effect on cancer incidence, so that the incidence rate R w (S) was defined as r 2 . Then the same calculation was repeated under the alternative hypothesis of radiation affecting cancer incidence so that the incidence rate R w (S) was defined as r 1 .To compare these rates, we assumed that the numbers of cancer cases are Poisson-distributed, and applied the square root transformation. Under the null hypothesis, the number of cancer cases is approximately normally distributed with mean (r 2 s N)
½ and standard EPIDEMIOLOGICAL STUDIES OF CANCER FROM ADULT CT deviation ½, where the parameter s represents the average number of person-years contributed by each CT-exposed cohort member after the first CT exposure, and N is the study sample size. Under the alternative hypothesis, the mean is (r 1 s N) 
These equations were solved by specifying a ¼ 0.05 (i.e., 95% significance) and b ¼ 0.2 (i.e., 80% power), and substituting values for r 1 , r 2 and s from the in silico simulation results. The sample size estimates were similar to those calculated using formula 7.1 in ref. (25) .
